Abstract Electron emission that occurs when surfaces undergo wear has been studied since the 1950s and is the subject of continued speculation due to its possibly crucial role in the formation of boundary lubricating films and the degradation of hard drive lubricants. Despite this, the mechanisms by which this type of emission occurs are poorly understood. In order to shed light on this phenomenon, we report for the first time how friction-stimulated electron emission can be visualized, by scratching an aluminium oxide surface, positioned 10 mm from a microchannel plate (MCP) in a high vacuum. The MCP is coupled with a phosphor screen displaying the spatial distribution of electrons that are emitted in individual bursts as wear is accruing. The probability density of this emission was calculated and the Shannon spectral entropy for a 10-ms time window was found to be 0.11, suggesting that partially deterministic mechanisms are responsible. These emission maps help to elucidate the obscure mechanisms that cause emission, in a way that has not been possible with previous spatially averaged measurements. For example, linear distributions support the theory that electron emission arises due to the formation of surface cracks. In addition to this, as the contact moves over the specimen surface, certain locations show an increased propensity to emit, which further suggests the presence of localized defects. Furthermore, in certain cases, sustained after-emission is observed from localized defects exiting the contact. These results highlight the possibility of using the technique to monitor very low levels of wear and even image crack formation in real time.
Introduction
Triboemission is the collective term for friction-stimulated emission of particles (electrons, ions, neutral particles and photons) that occurs under the severe conditions at the interface between sliding bodies [1] . This type of particle emission is distinct from emission due to other external stimulation, for example, by photons (photoemission [2] ) or by heat (thermoemission [3] ).
The mechanisms that give rise to triboemission are as yet poorly understood. However, it is believed to initiate the chemical reactions that lead to the formation of surface films in boundary lubrication [4, 5] . For example, widely used zinc dialkyldithiophosphate (ZDDP) additives produce boundary films by a mechanism that cannot be driven by contact temperatures and pressure alone [6] . In addition to this, triboemission has been blamed for the degradation of computer hard drive lubricants [7] and has also been linked to flash lights during the fracture of rocks associated in earthquakes [8] and volcanic eruptions [9] .
In order to understand the role of emitted particles in these applications-so that boundary lubrication can be enhanced and lubricant degradation prevented-it is necessary to study the mechanisms by which emission occurs. For this reason, triboemission has been the focus of significant research efforts for over half a century [10] .
The first significant triboemission measurements were made by Nakayama et al. [11] during scratch tests by a diamond tip. To achieve this, they used a low-voltagebiased collector positioned close to the contact that registered bursts of the electrical current due to the emission of negatively and positively charged particles, while photon emission was measured using a photomultiplier [12] . Their results showed that insulator materials produced significantly higher levels of emission when scratched than metals. Kim et al. [13] investigated the emission of electrons using channel electron multipliers (CEMs) and photons using photomultipliers, during abrasion of MgO samples under vacuum. They also measured the kinetic energy of the electrons using a retarding grid. In these studies, photon emission was attributed mainly to deformation and electrons emission to fracture. Molina et al. investigated the triboemission of negatively charged particles under vacuum for a wide range of materials (alumina, sapphire, silicon nitride and semiconductors) using a CEM in pulse-counting mode [14] [15] [16] . The results from Nakayama et al. and Molina et al. suggested that triboemission is related to material hardness [14, 17] . Emission is also correlated strongly with the wear of the surface, highlighted by the observation that repeated scratches along a single track result in a decrease of emission with time, due to decreasing wear [14] .
From these investigations, it is generally concluded that triboemission of electrons is related to surface fracture during sliding contact. More specifically, Dickinson et al. [18] put forward a charge separation model, as shown in Fig. 1 . Here, an imbalance of charge is created between opposite faces of a crack as it opens. Due to the small width of the crack, this electric field has a large gradient, which encourages electrons to leave the negatively charged crack face. Due to thermal vibrations, a portion of these electrons do not reach the opposing face and are instead emitted into the surrounding environment. This model, however, does not explain why the energy of the tribo-emitted electrons can be lower than the work function of the sample [14] . To account for these low-energy electrons, Dickinson et al. [18] suggested that the work function of the surface could be locally decreased by small defects in the highly strained areas.
Since triboemission measurements typically contain no spatial information, researchers have tried to gain insights into the emission mechanisms by analysing the temporal characteristics of the recorded signals. For example, Molina et al. [15] showed that emission patterns are not random and proposed stochastic and chaos-deterministic approaches [16] to characterize their evolution with time.
Recently, Nakayama et al. [19, 20] and Matta et al. [21] have made significant advances in infrared and ultraviolet imaging of the triboplasma, generated at the rear of sliding contacts by gas discharge under ambient conditions. The research described in the current paper differs from these studies, since we are concerned with electron emission mechanisms before interactions with surround gas take place.
One of the main limitations of electron triboemission experiments to date is that they provide only ensemble average values, giving no information relating to spatial location or direction. This shortcoming is, in part, responsible for our lack of understand of triboemission processes, since it prevents emission measurements from being directly correlated with other surface analyses, such as SEM and AFM. To address this issue, we present experiments using a MCP, in which spatial maps of electron emission are obtained (see Fig. 2 ). The MCP-which is effectively a dense array of electron multipliers-is located within a vacuum chamber above a stationary diamond stylus that is loaded against a rotating aluminium disc covered with a 5-lm oxide layer (a brittle material on a soft substrate is likely to form cracks and thus induce emission). In this way, bursts of electrons can be visualized, revealing the pattern, direction and temporal characteristics of emission. 
Apparatus
The vacuum pin-on-disc tribometer used in this study was based on a high-pressure elastohydrodynamic rig from PCS Instruments Ltd, (Acton, UK) and is shown schematically in Fig. 3 . The tribometer consists of a stainless steel chamber with an external motor that drives the disc shaft rotation via a SiC face seal. A 10 -5 mbar vacuum was obtained in the chamber using a turbomolecular pump from Edwards Vacuum Ltd, connected by a KF25 flange. A wide-range pressure gauge measured the pressure inside the chamber.
The sliding contact was produced by loading a 100-lmradius diamond tip (manufactured by Synton-MDP Ltd) against the disc specimen by means of a 1-mm-diameter stainless steel arm and a simple dead weight arrangement. Strain gauges have been bonded to the stainless steel arm in order to measure the friction between the tip and the disc.
The MCP is circular with a ''Chevron'' arrangement (i.e. two MCPs in series for increased sensitivity), manufactured by Photonis Ltd. It has an active diameter of 75 mm and is located 10 mm above the disc specimen. The MCP channels have diameters of 25 lm and their centre-tocentre distance is 32 lm. A P20 phosphor screen, also from Photonis Ltd, is mounted on top of the MCP to convert electrons from the MCP into photons. The MCP and the phosphor screen are mounted in an 8 00 CF flange-which also acts as the lid of the chamber-sealed using a copper ring. Three high-voltage connectors are incorporated in the flange in order to apply voltages to the MCP input and output and the phosphor screen. Images were acquired using a Phantom Miro ex2 camera with a Fujian 35 mm f1.7 lens, focussed on the phosphor screen.
An aluminium disc, with a 100 mm diameter and 10 mm thickness, was used as a sample. This was anodized by Metro Engineering and Plating Works Ltd (Uxbridge UK) to produce a surface oxide layer that was 5 lm in thickness. Prior to testing, the chamber was cleaned with toluene and isopropanol and then vented for 4 h. The disc sample was also cleaned with toluene and isopropanol, in an ultrasonic bath for 15 min each. The diamond tip was then put in contact with the aluminium disc and loaded with a dead weight of 0.4 N Then, the flange was sealed to close the chamber, and the pump operated until a vacuum of 10 -5 mbar was reached. A two-channel high-voltage power supply PF1054 from Photonis Ltd allowed 2 kV to be applied to the MCP output and 5 kV to the phosphor screen input. The camera was focussed on the phosphor screen, capturing 640 9 480 images, (with a 217 lm/pixel spatial resolution) at a rate of 100 frames/s (with a shutter speed of *10 ms). A dark sheet is placed over the rig to shield the phosphor screen from light. Finally, the camera and the strain gauge acquisition were started before the disc was rotated for 120 s so that the linear velocity of the contact was 44 mm/s.
Results and Discussion

Averaged Measurements
The evolution of the average intensity over the whole phosphor screen, for each frame, as a function of time, is given in Fig. 4 . Here, an almost constant low-emission level is seen, onto which several high bursts of emission are superimposed. As observed by Nakayama et al. [12] and Molina et al. [16] for alumina specimens, electrons are emitted in bursts, shortly after scratching starts. The coefficient of friction throughout this test was measured at 0.1. Figure 5 shows the probability distribution of the normalized average intensities from the 10 ms exposures shown in Fig. 4 . The probability of occurrence is defined by the number of video frames for which the intensity falls within a particular range, [I j I j?1 ], divided by the total number of video frames N:
It can be seen that more than 93.5 % of the captured frames have intensities between 0 and 5 % of the maximal intensity. The probability of occurrence decreases with intensity (falling to 0.01 % for the highest range). If the highest bursts of emission are defined as those for which the intensity in the screen is at least 25 % of the maximal value, then 80 such events are detected during the 120 s test, (i.e. 0.66 events/s or 15 events/m or 3.68 events/ revolution).
The probability distribution can then be used to calculate the spectral entropy (SE) following Molina et al. [16] :
and from this, the Shannon spectral entropy (SSE) can be calculated:
where NZ is the number of nonzero probabilities. The SSE value reflects the complexity of a signal. For example, a white noise signal spectrum is truly random and has a SSE of 1, whereas a simple signal (such as a sum of sinusoids) has a SSE close to zero. For the intensity signal displayed above, obtained using a 10-ms window, a SSE of 0.11 has been found. This suggests that the bursts of emission are not random and can be explained by deterministic mechanisms. Obviously, this value depends on the time window used. For 20-ms and 40-ms time windows, SSE values are 0.16 and 0.23, respectively. This is in agreement with Molina et al. [16] who found 0.26 for a diamond tip on alumina contact with a 40-ms time window. In order to locate these emission events on the disc sample, Fig. 6 gives a map of the normalized average intensity of the whole phosphor screen as a function of the angular position on the disc and the number of the revolution (the log value is given for a better contrast). During the first six cycles, there is no emission as the disc is not turning. Then, events become progressively more frequent. We can see that most of the events occur on a section of the disc specimen (75°-275°). This may be due to misalignment or non-planarity of the sample. It is also interesting to note that, at certain positions on the disc, emission occurs at almost every pass. For example, at 20°, a relatively high intensity is detected from cycle 13 onwards. This suggests that emission is not random and is due to a systematic deformation/fracture process. Further, inspection of this high-intensity line reveals a slight positive gradient, indicating that the source of emission is progressing slowly around the wear track with each cycle. 
Spatially Resolved Measurements
An example of a snapshot from the phosphor screen, obtained during a high intensity approximately circular burst of emission, is shown in Fig. 7 . Here, the tip is stationary, with a position, indicated by the red cross, while the disc is turning anticlockwise. It can be seen that electrons are emitted in all directions. Several of them even hit the MCP at a lateral distance of 60 mm from the contact, indicating an angle of emission\10°to the sample surface. However, the majority of electrons are emitted towards the front of the contact and towards the centre of the disc. A maximum density is found close to the inlet of the contact. This is contrary to standard conceptual representation of triboemission [22] where the emission is shown to come from the outlet. This discrepancy is probably due to the standard representation being based on experiments in atmosphere where a significant portion of emission arises due to gaseous discharge on the freshly worn surface at the rear of the contact [19] . In our case, the emission is likely to come exclusively from the fractures in the sample. The stronger emission at the inlet can be explained by the ploughing of the surface material during abrasion. It is also possible that the tip itself is emitting. Indeed, Dickinson et al. [23] have measured emission from both pin and disc during abrasion of MgO samples by a diamond tip. Figure 8 shows a normalized average of the 80 emission maps of maximal intensity. This shows more clearly that the maximum emission is located at the inlet of the contact. The low emission towards the exterior of the disc may be due to a partial obstruction of the electrons by the tip itself. This is supported by the presence of a region of reduced emission at the location of the scratching tip.
The distribution and quantity of emitted electrons varied considerably between each burst, with the most frequently observed pattern being that shown in Fig. 7 . However, two other types of emission patterns were also been observed repeatedly. These consist of remarkably straight lines radiating out from the contact in one of two directions, in either a south-west (Fig. 9a) or a south-east (Fig. 9b) direction. It is suggested that these emission lines, which are far less frequent than the type of patterns of Fig. 7 , are This experimental evidence supports the hypothesis that triboemission occurs due to charge separation, resulting from crack formation [18] . This technique of triboemission visualization by an MCP could provide a powerful tool to visualize crack growth, in real time, giving information on their size and direction. One of the strengths of this technique is that the microscopic deformation events that lead to emission are magnified greatly when viewed on the phosphor screen (see Fig. 2 ). Because of the rough nature of the Al 2 O 3 , it was not possible to measure corresponding defects on the worn surface in this study. However, further investigation is planned, in which emission distributions are compared with surface analysis measurements, using techniques such as scanning electron microscopy, in order to relate characteristics of the emission pattern to cracks width and depth. Figure 6 showed that, at some specific positions on the disc sample, emission systematically occurs. In order to question the randomness of the emission leading to the patterns presented in this section (south-west lines, southeast lines and high-intensity distributions), a polar plot is given in Fig. 10 where these events are shown at the disc position where they occurred. In this plot, the angle (°) defines the angular position on the disc, and the radius is the number of the revolution. A few events attributed to cracks are isolated, but several others clearly repeat at several passings (such as at 20°or 85°). This suggests that the same created (or pre-existing) crack is being deformed at each pass.
In most triboemission studies found in the literature, emission ceases as soon as the scratching stops [12] . For instance, Molina et al. observed this for semiconductors, though they mentioned that significant post-contact emission occurred for insulators [24] . During our sliding tests, a high burst of emission is generally not followed by emission in the subsequent video frames. However, occasionally, we observe a burst of emission at the scratching tip, followed by a pattern of emission that rotates on the screen with the same angular velocity as the disc, i.e. electrons are being emitted from a single location on the wear track after contact has occurred. An example of this behaviour is highlighted in Fig. 11 , where several snapshots of the phosphor screen are shown, during and after an initial burst of emission at the tip. Here, emission from the wear track continues more than 1 s after the initial burst. This prolonged emission (which fluctuates over time) is unlikely to be due to a crack propagating and may be a consequence of charging of the surface. Our technique, because of its large field of view, is therefore able to distinguish between emission from the contact and after-emission from the whole wear track. These results suggest that triboemission from the Al 2 O 3 surface occurs due to at least three mechanisms: (1) that shown in Fig. 7 , which may be due to deformation of the surface in front of the sliding tip, (2) that shown in Fig. 9 , which is attributed to crack formation and (3) that shown in Fig. 11 , being emitted from the wear scar after contact has occurred. This combination of events-some occurring at certain disc positions and some occurring more randomly-is likely to explain the semirandom nature of the spectral entropy observed by us and Molina et al.
Conclusion
We report on experiments carried out on a new vacuum tribometer using MCPs. This has enabled us, for the first time, to map the emission of electrons occurring in bursts during scratching tests. The patterns obtained show different types of emission. The most common distribution is approximately circular in shape with a maximum intensity close the front of the contact. Straight lines have also been observed and are attributed to crack growth. Sporadic postcontact emission from the wear track has been detected as well. These experiments pave the way for further investigations in which these triboemission measurements are correlated with other surface analysis techniques in order to further elucidate emission mechanisms. This should aid our understanding of boundary film formation and lubricant degradation. The technique may also be useful as an in situ tool for monitoring cracks formation and growth. 
